The antiferromagnetically (AFM) ordered state of GdRh2Si2 which consists of AFM-stacked ferromagnetic layers is investigated by magnetic resonance spectroscopy. The almost isotropic Gd 3+ paramagnetic resonance becomes anisotropic in the AFM ordered region below 107 K. The emerging internal anisotropic exchange-fields are still small enough to allow an investigation of their magnetization dynamics by using a standard microwave-frequency magnetic resonance technique. We could characterize this anisotropy in detail in the ferromagnetic layers of the excitation at 9 and 34 GHz. We derived a resonance condition for the AFM ordered phase to describe the weak in-plane anisotropic behaviour in combination with a mean-field analysis.
The antiferromagnetically (AFM) ordered state of GdRh2Si2 which consists of AFM-stacked ferromagnetic layers is investigated by magnetic resonance spectroscopy. The almost isotropic Gd 3+ paramagnetic resonance becomes anisotropic in the AFM ordered region below 107 K. The emerging internal anisotropic exchange-fields are still small enough to allow an investigation of their magnetization dynamics by using a standard microwave-frequency magnetic resonance technique. We could characterize this anisotropy in detail in the ferromagnetic layers of the excitation at 9 and 34 GHz. We derived a resonance condition for the AFM ordered phase to describe the weak in-plane anisotropic behaviour in combination with a mean-field analysis.
I. INTRODUCTION
GdRh 2 Si 2 belongs to the silicides with tetragonal ThCr 2 Si 2 -structure which show exceptional magnetic properties, e.g. the antiferromagnetic Kondo systems YbRh 2 Si 2 1 and CeRh 2 Si 2 2 , HoRh 2 Si 2 which exhibits socalled "component separated" magnetic transitions 3 and a temperature tunable surface magnetism 4 , or SmRh 2 Si 2 , showing unusual valence states of the Sm ions at the surface and in the bulk 5 . GdRh 2 Si 2 possesses antiferromagnetic (AFM) order of well localized magnetic moments appearing below T N = 107 K 6 which is characterized by an AFM propagation vector (001) and a stacking of ferromagnetic layers 6, 7 . In spite of the pure spin ground state of Gd 3+ a weak in-plane anisotropy occurs which is indicated by the magnetization behavior of the ordered moments being aligned in the basal plane. A mean field model could describe the magnetization data with the assumption that the ordered magnetic moments are aligned parallel to the [110] direction 8 . Recent angle-resolved photoelectron spectroscopy revealed two-dimensional electron states at the Siterminated surface of GdRh 2 Si 2 and their interplay with the Gd-magnetism. These surface states exhibit itinerant magnetism and their spin-splitting arises from the strong exchange interaction with the ordered Gd 4f moments 9 . Magnetic resonance techniques are widely used to study the dynamic properties of magnetic ordering 10 . With GdRh 2 Si 2 we study a prototypical material which not only exhibits a simple magnetic structure but also allows for the investigation of the magnetically ordered regime with conventional magnetic resonance techniques at low fields and frequencies. We could estimate the anisotropy fields by applying a standard condition for the resonance modes in the ferromagnetic sublattices. However, for the resonance anisotropies observed in GdRh 2 Si 2 common AFM resonance theories 10 turned out to be not applicable. Instead, we utilized a particular mean-field model for the AFM ordering to describe the angular dependence of the resonance field.
II. EXPERIMENTAL
High-quality single-crystalline GdRh 2 Si 2 were used in this study. The growth and characterization of which is described in Ref. 6 . We investigated the paramagnetic resonance (above T N ) and the magnetic resonance of the ordered moments (below T N ) by using a continuouswave Electron Spin Resonance (ESR) spectrometer together with helium-and nitrogen-flow cryostats allowing for temperatures between 5 and 300 K. Two frequencies ω/2π = 9.40 GHz (X-band) and ω/2π = 34.07 GHz (Qband) were utilized to evaluate the resonance field condition which in the paramagnetic region simply reads: ω/γ = H res where γ = gµ B / is the gyromagnetic ratio and g is the spectroscopic splitting factor. In general, an ESR spectrometer allows to measure the absorbed power P of a transversal magnetic microwave field as a function of a static and external magnetic field µ 0 H. A lock-in technique improves the signal-to-noise ratio by a field modulation which then yields the derivative of the resonance signal dP/dH as the measured quantity. The resulting spectra were fitted with a Lorentzian function including the influence of the counter-rotating component of the linearly polarized microwave field 11 . From the fit we obtained the resonance field H res and the linewidth ∆H (half-width at half maximum).
III. RESULTS AND DISCUSSION
A. Paramagnetic regime For the paramagnetic regime, i.e. for T > T N = 107 K, the ESR spectra and their temperature dependence was discussed in a recent paper 12 . The spectra display a behavior as typically expected for well-defined local moments in a metallic environment and with a temperature dependence as expected for anisotropic exchangecoupled paramagnets [13] [14] [15] . For temperatures nearby magnetic ordering the critical linewidth divergence could be described by a slowing down of in-plane ferromag-netic fluctuations within a model for a 3D Heisenberg ferromagnet 16 .
B. Ordered regime: temperature dependence
GdRh 2 Si 2 is a layered antiferromagnet below T N = 107 K. The Gd 4f moments are ferromagnetically ordered within the basal plane (with alignment parallel to the [110]-direction) while they stack in antiferromagnetic order along the [001]-direction 8 . Figure 1 shows selected spectra for the in-plane direction H 100. Upon cooling below T N = 107 K the paramagnetic resonance develops into a resonance mode of the magnetization of ferromagnetic (FM) sublattices. For temperatures below ≈ 65 K the spectra consist of more than two lines. The spectral structure indicated by open circles appears near the fields of the spin-flop transition (from magnetization data 6, 8 , indicated by stars). By sweeping across the spin-flop field the internal field rapidly changes and during this change it also matches the resonance condition (Eqn. (2)) which leads then to the observed structure. In a narrow temperature region between 55 K and 65 K a component of the easy-direction resonance (H 110) is observed in the H 100 -spectra as indicated by the open squares. A slight misorientation might explain that. The spectral structures could be well described by Lorentzian lineshapes which results in resonance fields and linewidths as shown in Figure 2 . For the external field along the easy direction [110], the X-band spectra disappear at temperatures below about 60 K whereas the Q-band spectra are well defined down to the lowest temperatures. The reason for this behaviour is a temperature dependent anisotropy energy (field) which at T = 0 is between the X-and Q-band energies (fields) and which matches the X-band energy at around 60 K. Increasing the temperature towards T N reduces the anisotropy of the line parameters, i.e. the anisotropy field decreases with increasing temperature.
The anisotropy field can be estimated from the resonance field as follows. The conditions of a ferromagnetic resonance for a sample with cubic crystal structure may be used for an approach to describe the resonance fields in case of the ferromagnetic in-plane order in GdRh 2 Si 2 10 (for our case with the tetragonal in-plane anisotropy the symmetries are the same as those for the cubic case). With this, we get the resonance condition for a ferromagnetic sublattice:
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Here, first (second) order anisotropy constants. From Eqns.
(1,2) we calculated H A1 , neglecting H A2 : easy direction 110 :
hard direction 100 : Figure 3 shows the results of Eqns. (3, 4) by using the experimental temperature dependent H res . The anisotropy field H A1 has to be distinguished from the internal exchange fields which lead to magnetic order. The antiferromagnetic order corresponds to an internal, in-plane exchange field which is much too large for an AFM resonance mode to be observable at GHz frequencies. According to Eqn. (A2) from App. A the internal field which is created by the AFM stacked FM sublattices A and B is This may hard to be verified because THz spectroscopy requires samples with a good transmission for THz radiation -which is not the case for GdRh 2 Si 2 .
The in-plane ferromagnetic order is caused by internal exchange fields allowing for the resonance observation at 
This means that if an external field is applied along the caxis only ≈ 5% (at T = 78 K) is internally available as an effective field for the magnetic resonance. For example, using B z = 6 T from an estimated value µ 0 H res = 6 T of the out-of plane uniaxial resonance field (Fig. 4 , left frame) one gets B z interior,A,B = 0.31 T. This value is close to the value for the X-band resonance field of Gd 3+ in the paramagnetic state 12 and also close to the resonance field along the FM ordered direction [110].
C. Ordered regime: anisotropy at 78 K We investigated the anisotropy of the X-band data at T = 78 K where the linewidth for the 110 direction shows a minimum, see Fig. 2 . The anisotropy of resonance field and linewidth shown in Fig. 4 is considerably stronger for tilting the external field out of the tetragonal plane (angle Θ, left frame) than rotating it within the plane (angle ϑ, right frame). Interestingly, the out-of-plane anisotropy can be nicely described by an uniaxial behavior (solid lines, left frame) just like a paramagnetic resonance with an uniaxial crystalline field anisotropy. This indicates that the effective internal field is always aligned along the external field. Also, the above internal exchange-field estimation, Eq. 7, shows that the value of the effective resonance field corresponds to a typical g-value of Gd 3+ as observed in the paramagnetic regime 12 . The in-plane anisotropy as shown in the right frame of Fig. 4 presents a 90 • periodicity of both resonance field and linewidth which reflects the fourfold symmetry in the tetragonal basal plane. The open symbols show the out-of plane data of the left frame. Obviously the angular dependencies of both in-plane and out-of-plane data sets are very similar near the easy direction of magnetization, 110 . Such a behaviour can be understood as follows: Magnetization measurements at T = 78 K on single crystals yield a spin-flop field B sf ≈ 250 mT for a field parallel to the [100]-direction and a domain-flip field B df ≈ 160 mT for field parallel to the [110]-direction 8 . This implies that for fields of the order of the resonance field, applied along a main symmetry direction, the moments of both magnetic sublattices are in good approximation aligned perpendicular to that field ( away from a main symmetry direction, the magnetizations of the two sublattices are not equivalent anymore and a sine-like modulation of the resonance field occurs.
To model the in-plane behaviour and to describe the anisotropy in the ferromagnetic sublattices the solutions given by the standard theory for an AFM resonance 10 are not sufficient. We are not aware of any published approach which would be applicable to GdRh 2 Si 2 . Therefore, we derived an antiferromagnetic resonance condition for this anisotropy as described in Appendix B. The mean-field model that describes the magnetization of the system 8 together with the resonance condition Eqn. (B2) predicts the sine-like modulation with excellent quantitative consistency as is demonstrated by the red solid line in the right frame of Fig. 4 
IV. SUMMARY
GdRh 2 Si 2 presents an exemplary case for easy-plane magnetic order with a weak in-plane magnetic anisotropy. The presented magnetic resonance data in the magnetically ordered regime depict a ferromagnetic resonance mode displaying features similar to a paramagnetic resonance mode. Its anisotropy can nicely be described by a resonance condition for the ferromagnetic sublattices with weak anisotropy together with a mean-field model which assumes that the ordered magnetic moments are aligned parallel to the [110]-direction 8 .
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with the contribution within a plane
and between planes
The anisotropic part F an will be neglected for the discussion of the c-direction. We consider the field that is produced by a ferromagnetic plane B and acts on an ion of the sublattice A
between layers
In the following, we determine the magnetization M B of one ferromagnetic layer. We have
with M sat = 7 µ B . For the field along the c-direction we have M ⊥ D and in particular
This results in
Therefore we have
For the choice of the coordinate system see Fig. 8 in Ref. 8 . The field that acts on an ion of the sublattice A, which is created by the sublattices A and B, reads
The values of Θ W = 8 K and Θ N = 107 K and µ eff = 8.28 µ B and χ ⊥ = 0.149µ B /T have been determined by magnetic measurements 6, 8 .
Appendix B: Inplane anisotropy
In the following, we consider the behaviour of one domain. We use the meanfield model developed in Ref. 8 to predict the ESR resonance field for an external field B applied perpendicular to the crystallographic [001]-direction. The free energy
with u = − cos(2ϑ − 2ϕ), Eqn. (6) 8 , and the magnetization Eqn. (4) 8 serve as the starting point. For the choice of the coordinate system see Fig. 5 . For our purpose it is sufficient to ignore χ . The ESR interaction is that fast, that we do not expect an isothermic relaxation. Here, only χ ⊥ is relevant since this keeps the entropy unchanged. Therefore, the magnetization becomes
with B M = B · e M for B aligned perpendicular to the [001]-direction. The free energy
can be minimized with respect to ϕ 
The decomposition of B = B ext (Fig. 5) into B D and B M is done with respect to one AFM domain which consists of two FM sublattices. In the paramagnetic regime, the ESR frequency ω can be decomposed in the following way: The square of ω is the sum of three parts that arise from the three components of the external field. This reads as
We deduce a similar ansatz, to describe the ESR frequency in the ordered regime. In particular, we describe the ESR behaviour of one certain domain. First of all, we introduce ω field and take into account that the external magnetic field decomposes in a parallel B D and orthogonal component B M with respect to the ordering parameter D. Furthermore, we account for the anisotropy in the system by utilizing ω aniso and add a constant term ω 0 . These considerations lead to the ansatz From the two solutions we use the larger one This yields the square of the external field for the resonance condition: 
